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to a frequent neurodevelopmental disorder
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PURPOSE: DYRK1A syndrome is among the most frequent monogenic forms of intellectual disability (ID). We refined the molecular
and clinical description of this disorder and developed tools to improve interpretation of missense variants, which remains a major
challenge in human genetics.
METHODS: We reported clinical and molecular data for 50 individuals with ID harboring DYRK1A variants and developed (1) a
specific DYRK1A clinical score; (2) amino acid conservation data generated from 100 DYRK1A sequences across different taxa; (3)
in vitro overexpression assays to study level, cellular localization, and kinase activity of DYRK1A mutant proteins; and (4) a specific
blood DNA methylation signature.
RESULTS: This integrative approach was successful to reclassify several variants as pathogenic. However, we questioned the
involvement of some others, such as p.Thr588Asn, still reported as likely pathogenic, and showed it does not cause an obvious
phenotype in mice.
CONCLUSION: Our study demonstrated the need for caution when interpreting variants in DYRK1A, even those occurring de novo.
The tools developed will be useful to interpret accurately the variants identified in the future in this gene.
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INTRODUCTION
Intellectual disability (ID) and autism spectrum disorder (ASD) are
two highly heterogeneous groups of neurodevelopmental dis-
orders (NDDs) with substantial genetic contributions that overlap
strongly both at the clinical and genetic levels. More than 1,000
genes have been implicated in monogenic forms of NDD, with an
important contribution of autosomal dominant forms caused by
de novo variants [1]. One of these genes, DYRK1A (dual-specificity
tyrosine phosphorylation-regulated kinase 1A) [2], located on
chromosome 21, is among the genes the most frequently mutated
in individuals with ID [1].
The first DYRK1A disruptions were identified in individuals with

intrauterine growth restriction (IUGR), primary microcephaly, and
epilepsy [3]. A few years later, the first frameshift variant was
described in a patient with similar features [4]. The clinical
spectrum associated with DYRK1A pathogenic variants (MRD7;
mental retardation 7 in OMIM) was further refined with the
publication of additional patients, presenting suggestive facial
dysmorphism, severe speech impairment, and feeding difficulty,
while epilepsy and prenatal microcephaly were not always present
[5–9]. Pathogenic variants were also identified in cohorts of
individuals with ASD [10], but all have ID [11]. The DYRK1A gene
encodes a dual tyrosine–serine/threonine (Tyr-Ser/Thr) kinase
composed of a central catalytic domain including Tyrosine 321,
involved in DYRK1A activation by autophosphorylation [12], two
nuclear localization signal sequences (NLS), and additional
functional domains. DYRK1A is ubiquitously expressed during
embryonic development and in adult tissues. Its location is both
cytoplasmic and nuclear and varies by cell type and stage of
development [13]. By the number and diversity of its proposed
protein targets, DYRK1A regulates numerous cellular functions
(reviews [14, 15]), among them the MAPT (Tau) protein
phosphorylated by DYRK1A on its Thr212 position [16].
High-throughput sequencing (HTS) has revolutionized the

identification of genetic variants for diagnostic applications but
a major challenge remains in the interpretation of the vast
number of variants, especially for highly heterogeneous disease
such as ID. A combination of genetic, clinical, and functional
approaches, summarized by the American College of Medical
Genetics and Genomics/Association for Molecular Pathology
(ACMG/AMP), are commonly used to interpret these variants
[17]. A significant proportion of the variants, especially the
missense variants, remain classified as variants of unknown
significance (VUS, according to ACMG/AMP) after the primary
analysis. For autosomal dominant diseases with complete
penetrance such as DYRK1A syndrome, the de novo occurrence
of a variant is a strong but not absolute argument for
pathogenicity, and the parents’ genotype is not always available.
Clinical observations are useful but could also lead to misinter-
pretation, as numerous ID-associated manifestations are unspe-
cific. Many tools have been developed to predict in silico the
pathogenicity of missense variants but they remain predictions
and protein-specific functional tests are useful to confirm variants'
effects. DNA methylation (DNAm) is also a powerful tool to test
variant pathogenicity in disorders associated with epigenetic
regulatory genes. We discovered that pathogenic variants in these
genes can exhibit disorder-specific DNAm signatures comprised of
consistent, multilocus DNAm alterations in peripheral blood,
useful for classifying variants in these genes as pathogenic or
benign [18–21]. DYRK1A has numerous targets, and while it is not
well-described as an epigenetic regulator, it has been shown to
phosphorylate histone H3 and histone acetyltransferase proteins
[22, 23]. Therefore, we hypothesized that pathogenic variants in
DYRK1A might generate a specific DNAm signature in blood.
We reviewed the clinical signs present in 34 never-reported

individuals who carried deletions or clearly pathogenic variants in
DYRK1A to refine the clinical spectrum of DYRK1A syndrome.

Based on these data, we developed a score to help to recognize
affected individuals and to interpret variants (reverse phenotyp-
ing). In parallel, we developed in silico and in vitro approaches to
assess variant effects on DYRK1A function. Finally, we defined a
DNAm signature specific to DYRK1A syndrome in patient blood.
We used this multifaceted approach to interpret 17 variants
identified in patients with ID/NDD and demonstrated its efficiency
in optimizing accurate interpretation of variants.

MATERIALS AND METHODS
Patients and molecular analysis
Variants in DYRK1A (NM_001396.4) were identified during routine genetic
analyses in individuals referred to clinical genetic services for intellectual
disability in France, Denmark, and Switzerland using the following:
comparative genomic hybridization (CGH) array, Sanger sequencing of
DYRK1A coding regions, targeted next-generation sequencing of ID genes
(TES) [24–26], trio or simplex clinical exome sequencing (CES) or exome
sequencing (ES), and were confirmed by an additional method. Combined
Annotation Dependent Depletion (CADD) and Nnsplice were used to
predict the effect of missense and splice variants respectively. Fibroblasts
were established from skin biopsies for individuals 1, 11, 22, 24; Bronicki 9;
and Bronicki 10 and cultivated as previously described [27]. Paxgene blood
samples were collected for individuals 9, 18, 19, and 30. Messenger RNA
(mRNA) extraction, RNA sequencing, reverse-transcription polymerase
chain reaction (RT-PCR) or quantitative PCR (qPCR) (primers available on
request) were performed as previously described [28].

Phenotypic analysis and clinical scoring
Clinical information and photographs were provided by the referring
clinicians for the 44 individuals reported here (Table S1) as well as for six
previously published individuals (Bronicki 2, 3, 8, 9, and 10, and Ruaud 2)
[6, 7] (n= 50 individuals in total). Based on the most frequent signs and the
morphometric characteristics presented by the 34 individuals with
truncating variants in DYRK1A, a clinical score out of 20 was established
(DYRK1A_I, n= 21 individuals with photographs available, Table S2).
Clinical scores were calculated for this initial cohort plus a second cohort
(replication cohort, DYRK1A_R, n= 13) with individuals already described
in previous publications [5–7] by experienced clinical geneticists, as well as
for individuals with other frequent monogenic forms of ID, caused by
pathogenic variants in DDX3X (n= 5), ANKRD11 (n= 5), ARID1B (n= 8),
KMT2A (n= 6), MED13L (n= 5), SHANK3 (n= 6), or TCF4 (n= 6).

Definition of sets of missense variants and conservation analysis
To evaluate which tools are pertinent to predict effect of missense variants
on the DYRK1A protein, we used different sets of variants: (1) variants
presumed to be benign (negative N-set, n= 115) including missense
variants reported benign in ClinVar plus variants found more than once in
gnomAD (November 2019 release), (2) variants reported as pathogenic/
likely pathogenic in ClinVar (positive P-set, n= 16), and (3) other variants
reported here, in literature, or as VUS in ClinVar (test T-set, n= 44)
(Table S3). One hundred twenty-three orthologous sequences of human
DYRK1A were extracted from the OrthoInspector database version 3.0. and
a multiple sequence alignment (MSA) was constructed using the Clustal
Omega software. The MSA was then manually refined to correct local
alignment errors using the Jalview MSA editor [29]. The refined MSA was
used as input to the PROBE software [30] to identify conserved regions in
the sequences. The sequences in the MSA were divided into five separate
clades: vertebrates, metazoans, protists, plants, and fungi.

In vitro analysis of variant effect on DYRK1A protein
DYRK1A expression plasmids (addgene #101770, Huen lab) were generated
from the pMH-SFB-DYRK1A vector containing the N-terminal FLAG-tagged
human DYRK1A complementary DNA (cDNA) sequence (NM_001396.4).
Variant sequences were obtained by site-directed mutagenesis as
described [31]. Antibodies used are listed in Supplementary Methods.
HeLa, HEK293, and COS1 cells were maintained and transfected for 24
hours with DYRK1A plasmids (for immunoflurorescence) or DYRK1A
plasmids plus pEGFP-N1 plasmid (for western blot) as previously done
[31, 32]. For autophosphorylation analysis and DCFA7 (WDR68) interaction,
proteins were extracted from transfected HEK293 cells and
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Table 1. List of variants identified in DYRK1A in individuals with intellectual disability.

Variant Individual Repor�ng Analyses performed

GRCh37 (Chr21) NM_001396.4 NP_001387.2 Type Method Ind. number Sex Inheritance this individual Addi�onal ind. 
(ClinVar) CSDYRK1A

In 
silico mRNA in 

vitro DNAm

g:38481804_40190458del 
(DYRK1A ; >10 other genes) NA NA del. CGH-array 1 M de novo NA NA DYRK1A_I - yes - Disc.

g.38722881_39426450del 
(DYRK1A; KCNJ2) NA NA del. CGH-array 2 F de novo NA NA DYRK1A_I - - - -

g.38302140_40041414del 
(DYRK1A ; >5 other genes) NA NA del. CGH-array 40 M de novo NA NA DYRK1A_I - - - -

t(9;21)(p12;q22) between exon 2 & 3 NA trans. CGH-array 3 M de novo NA NA DYRK1A_I - - - -

g.38852961C>T c.349C>T p.Arg117* Ns

ES 4 M NA NA

(5x) VCV000373087

DYRK1A_I - - - -

ES 5 F father mosaic NA DYRK1A_I - - - -

ES 6 M de novo NA DYRK1A_I - - - Disc.

g.38858865C>T c.613C>T p.Arg205* Ns
TES2 Bronicki 2 M de novo

PMID: 25920557
(ClinVar_SCV000281731= 
SCV000196058)     (x7) VCV000162153 

DYRK1A_R - - - -

TES4 44 M NA ClinVar_SCV001432338 DYRK1A_I - - - -

g.38862575C>T c.763C>T p.Arg255* Ns
TES1 7 M NA ClinVar_SCV001712097

(5x) VCV000162152
DYRK1A_I - - - Valid.

NA 43 F NA ClinVar_SCV001432353 DYRK1A_I - - - -

g.38862611C>T c.799C>T p.Gln267* Ns ES 35 M de novo Clinvar_SCV001712841 no DYRK1A_I - - - -

g.38862748T>A c.936T>A                         p.Cys312* Ns CES 37 F de novo Clinvar_SCV001712105 no DYRK1A_I 

g.38877655C>T c.1309C>T                       p.Arg437* Ns TES4 34 F not in mother NA (7x) VCV000162158 DYRK1A_I - - - -

g.38877745C>T c.1399C>T p.Arg467* Ns TES4 42 F de novo ClinVar_SCV001432351 (3x) VCV000204005 DYRK1A_I - - - -

g.38850510dup c.235dup p.Arg79fs Fs TES4 41 F de novo ClinVar_SCV001432470 no DYRK1A_I - - - -

g.38850565_38850566del c.290_291 del p.Ser97fs Fs CES 8 M de novo ClinVar_SCV001712106 (2x) VCV000418949 DYRK1A_I - - - -

g.38850572_38850576del c.297_301del p.Leu100fs Fs NA 9 M de novo ClinVar_SCV000485020 no DYRK1A_I - - - -

g.38853089del c.477del p.Tyr159* Fs ES 10 F de novo Clinvar_SCV001712094 no DYRK1A_I - - - -

g.38862514_38862515del c.702_703del p.Cys235fs Fs ES 11 M de novo ClinVar _SCV000965742 no DYRK1A_I - yes - Valid.

g.38858873_38858876delinsGAA c.621_624 delinsGAA p.Glu208fs Fs TES2 Bronicki 3 M de novo
PMID: 25920557 
(ClinVar_SCV000281736 = 
SCV000196059)

no DYRK1A_R - - - Disc.

g.38862594del c.782del p.Leu261fs Fs TES2 12 F de novo ClinVar_SCV001437790 no DYRK1A_I - - - Disc.

g.38862656dup c.844dup p.Ser282fs Fs TES1 Bronicki 8 M de novo PMID: 25920557 
(ClinVar_SCV000196064)

no DYRK1A_R - - - -

g.38865371del c.1004del p.Gly335fs Fs TES1 13 F not in mother Clinvar_SCV001712087 no DYRK1A_I - - - Valid.

g.38865375dup c.1008dup p.Pro337fs Fs ES 14 F de novo Decipher_351807 no DYRK1A_I - - - -

g.38865400del c.1033del p.Trp345fs Fs CES 15 F de novo Clinvar_SCV001712108 no DYRK1A_I - - - Disc.

g.38868553dup c.1232dup p.Arg413fs Fs TES2 Bronicki 10 F de novo PMID: 25920557 
(ClinVar_SCV000196066)

no DYRK1A_R - yes yes Disc.

g.38877616del c.1270del p.His424fs Fs ES 39 F de novo Clinvar_SCV001712090 no DYRK1A_I - - - -

g.38877679dup c.1333dup p.Thr445fs Fs ES 16 F de novo Clinvar_SCV000778256 no DYRK1A_I - - - Disc.

g.38877837del c.1491delC p.Ala498fs Fs ES 17 F de novo Clinvar_SCV000494645 SCV000056592 DYRK1A_I - - - Valid.

g.38884520del c.1978del p.Ser660fs= 
p.Ser660Profs*43 Fs TES1 18 F de novo Clinvar_SCV001712088 no test - yes yes test

g.38852939G>T c.328-1G>T p.? Spl. TES2 19 F de novo Clinvar_SCV001437768 no DYRK1A_I - yes - Disc.

g.38862475A>G c.665-2A>G p.? Spl. Sanger 20 M de novo Clinvar_SCV001712086 SCV000492145 DYRK1A_I - - - Valid.

g.38862468_38862472del c.665-9_665-5del p.? 
Spl. Sanger 21 M de novo

Clinvar_SCV001437772 SCV000677027
DYRK1A_I - - - Disc.

Spl. TES2 36 M de novo DYRK1A_I - - - -

g.38862764G>C 951+1G>C p.? Spl. TES1 38 M de novo Clinvar_SCV001712091 no DYRK1A_I - - - Valid.

g.38862767_38862770del c.951+4_951+7del p.? Spl. ES 22 M de novo Clinvar_SCV000965731 SCV000709803 DYRK1A_I - yes - -

g.38877584A>G c.1240-2A>G p? Spl. ES 23 M de novo Clinvar_SCV000966166 no DYRK1A_I - - - Disc.

g.38877585_38877586insTAA c.1240-1_1240insTAA p.Glu414* Spl. TES4 24 F de novo Clinvar_SCV001432455 no DYRK1A_I - yes - -

g.38853115G>A c.503G>A p.Gly168Asp Mis. TES1 25 F de novo Clinvar_SCV001712092 SCV000573105 test yes - yes test

g.38862576G>A c.764G>A p.Arg255Gln Mis. TES1 26 F NA Clinvar_SCV001712093 no test yes - yes test

g.38862672A>T c.860A>T p.Asp287Val Mis. ES 27 M de novo Clinvar_SCV000598121 SCV001446739 test yes - yes test

g.38862726T>G c.914T>G p.Ile305Arg Mis. Sanger 28 F de novo Clinvar_SCV001712110 no test yes - yes test

g.38862744C>T c.932C>T p.Ser311Phe Mis NA Ruaud 2 M de novo PMID: 25641759 
(Clinvar_SCV000586742)

SCV000520979 test yes - yes test

g.38865339T>A c.972T>A p.Ser324Arg Mis. TES3 29 M de novo Clinvar_SCV000902439 no test yes - yes test

g.38865465G>T c.1098G>Ta p.Ile318_Glu366del Infr. ES 30 F de novo Decipher_434484 no test yes yes yes -

g.38877730T>C c.1384T>C p.Tyr462His Mis. TES2 31 M de novo Clinvar_SCV001437769 no test yes - yes test

g.38877746G>A c.1400G>A p.Arg467Gln Mis. TES2 32 F de novo Clinvar_SCV001437771 (3x) VCV000209150 test yes - yes test

g.38877803G>A c.1457G>A p.Gly486Asp Mis. ES 33 M de novo Clinvar_SCV000747759 no test yes - yes test

g.38884305C>A c.1763C>A p.Thr588Asn Mis ES Bronicki 9 F de novo
PMID: 25920557 
(ClinVar_SCV000965705=
SCV000196065)

no test yes yes yes test
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immunoprecipitated with anti-FLAG antibody as described [31]. Phos-
phorylated Tyr321 DYRK1A was visualized as described [33] and normal-
ized by the level of total DYRK1A protein. Kinase activity was investigated
by cotransfecting DYRK1A and MAPT plasmids (MAPT_O-
Hu28029C_pcDNA3.1(+)-C-HA, geneScript) in HEK293 cells, adapted from
[34]. The level of DYRK1A, MAPT, and pMAPT (Thr212) proteins were
normalized with GAPDH.

DNA methylation signature
Methylation analysis was performed using blood DNA from individuals
with DYRK1A loss-of-function (LoF) variants (n= 16), split into signature
discovery (n= 10) and validation (n= 6) cohorts, based primarily on
whether age at time of blood collection was available, and age- and sex-
matched neurotypical controls (n= 24). Whole-blood DNA samples were
prepared, hybridized to the Illumina Infinium Human MethylationEPIC
BeadChip, and analyzed as previously described [20]. A total of n= 774,590
probes were analyzed for differential methylation. Standard quality control
metrics showed good data quality for all samples except individual 20.
Briefly, limma regression with covariates age, sex, and five predicted blood
cell types identified a DNAm signature with a Benjamini–Hochberg
adjusted p value <0.05 and 10% methylation difference. Next, we
developed a support vector machine (SVM) model with linear kernel
trained on including nonredundant CpG sites [20] using the methylation
values for the discovery cases versus controls. The model generated scores
ranging between 0 and 1 for tested samples, classifying samples as
positive (score > 0.5) or negative (score < 0.5). Additional neurotypical
controls (n= 94) and DYRK1A LoF validation samples (n= 6) were scored
to test model specificity and sensitivity respectively, and samples with
pathogenic KMT2A (n= 8) and ARID1B (n= 4) variants and DYRK1A
missense and distal frameshift (n= 11) variants were tested.

RESULTS
Identification of genetic variants in DYRK1A in individuals with ID
We collected molecular and clinical information from 50
individuals with ID (44 never reported and six previously reported
[6, 7]) carrying a variant in DYRK1A identified in clinical and
diagnostic laboratories: structural variants deleting or interrupting
DYRK1A and recurrent or novel nonsense, frameshift, splice, and
missense variants (Table 1, Figure S1). When blood or fibroblast
samples were available, we characterized the consequences of
these variants on DYRK1A mRNA by RNA sequencing and RT-qPCR
(Figure S2, Supplementary Text). For one variant, c.1978del,
occurring in the last exon of the gene (individual 18), the mutant
transcripts escape to nonsense-mediated mRNA decay (NMD) and
result in a truncated protein p.Ser660fs (or p.Ser660Profs*43)
retaining its entire kinase domain (Figure S2F). The variants
occurred de novo in most of the cases (42/50), one was inherited
from a mosaic father, and parental DNA was not available for the
remaining seven cases.

Clinical manifestations in individuals with pathogenic variants in
DYRK1A and definition of a clinical score
We reviewed the clinical manifestations of the patients with
truncating variants, except p.(Ser660fs) (Table S1, Supplementary
Text). Recurrent features include, consistently with what was
reported [5, 6, 8, 11], moderate to severe ID, prenatal or postnatal
progressive microcephaly, major speech impairment, feeding
difficulties, seizures and especially history of febrile seizures,
autistic traits and anxiety, delayed gross motor development with
unstable gait, brain magnetic resonance imaging (MRI) abnorm-
alities including dilated ventricles and corpus callosum hypoplasia,
and recurrent facial features (Fig. 1a, Figure S3). We found genital
abnormalies as reported [35] but no obvious renal anomalies. We
noted the importance of skin manifestations and especially atopic
dermatitis. We used recurrent features to establish a DYRK1A
clinical score (CSDYRK1A) on a 20-point scale (Fig. 1a), which aims to
reflect specificity rather than severity of the phenotype. High
scores, ranging from 13 to 18.5 (mean= 15.5), were obtained for
the individuals having a pathogenic variant in DYRK1A described
here (DYRK1A_I) or previously (DYRK1A_R) (Table S2, Fig. 1b). The
threshold of CSDYRK1A ≥13 appears to be discriminant between
individuals with LoF variants in DYRK1A (all ≥ 13) and individuals
suffering from another form of ID (all < 13) and is considered as
highly suggestive (13 > CSDYRK1A > 10: intermediate; CSDYRK1A < 10:
poorly evocative). A clinical score of 15 points without photograph
is less discriminative (Figure S4).

In silico analysis of missense variant effects
We evaluated the discriminative power of the CADD score,
commonly used in medical genetics [36] to interpret missense
variants in DYRK1A. If a significant difference in the CADD score
distribution is observed between the benign variants (N-set, see
“Materials and Methods”) and those reported as pathogenic (P-set,
see “Materials and Methods”) (p value <0.0001), a substantial
proportion of the N-set variants still have a CADD score above
thresholds (20 or 25) usually used to define pathogenicity
(Figure S5A). This could be explained by the high degree of
amino acid conservation of DYRK1A among vertebrates, and this
could lead to overinterpretation of pathogenicity. We performed
sequence alignment with orthologs from different taxon (Fig-
ure S6) and confirmed that using sequences from vertebrates only
is not efficient to classify missense variants, as one third of the N-
set variants affect amino acids conserved in all species (Figure S5B,
V= 100%). Considering conservation parameters going beyond
vertebrates appears more discriminant (13/16 P-set and 1/115 N-
set variants are conserved in 100% of vertebrates, 90% of
metazoans, and 80% of others) (Figure S5B).

This list includes variants identified in the 44 never-reported individuals as well as variants previously reported in six individuals [6, 7] for whom we collected
biological samples and additional clinical information. The clearly pathogenic truncating variants are represented in red (light red: those reported in this
study; dark red: those previously reported); the missense variants and the distal frameshift variant to test are in yellow (light yellow: those reported in this
study; dark yellow: those previously reported). Variants are reported according to standardized nomenclature defined by the reference human genome
GRCh37/hg19 and the DYRK1A isoform NM_001396.4.
CES clinical exome sequencing, CGH array comparative genomic hybridization array, DNAm DNA methylation, ES exome sequencing, F female, M male, mRNA
messenger RNA, TES targeted exome sequencing of ID genes.
aConsequence of c.1098G>T is p.Ile318_Glu366del instead of p.Glu366Asp.
bPanel of ID gene adapted from Redin et al. [24].
cPanel of microcephaly genes from Nasser et al. [26].
dPanel of ID genes from Carion et al. [25].
ePanel of 44 ID genes.
fDYRK1A_I: initial cohort used to establish DYRK1A clinical score (CSDYRK1A); DYRK1A_R: replication cohort used to confirm the relevance of the CSDYRK1A;
Discovery denotes discovery cohort used to establish DNA methylation signature (DNAm); Validation denotes validation cohort used to confirm DNA
methylation signature (DNAm); Test denotes variants tested for pathogenicity using DNAm.
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In vitro characterization of consequences of missense variants on
DYRK1A protein
To test the consequences of the missense variants in vitro, we
overexpressed wild-type (WT) and mutant DYRK1A proteins in
three different cell lines (HEK293, HeLa, COS1) including a
truncating pathogenic variant Arg413fs and a benign missense
variant from gnomAD, Ala341Ser. A significant and drastic
decrease in DYRK1A protein level (Fig. 2a), due to a reduction of
protein stability (Figure S7A), was observed for the truncating
Arg413fs and missense Asp287Val, Ser311Phe, Arg467Gln,
Gly168Asp, and Ile305Arg variants in each cell type. None of the
variants affects DYRK1A interaction with DCAF7 (WDR68) (Fig-
ure S7B). To be active, DYRK1A has to undergo an autopho-
sphorylation on Tyrosine 321 [12]. To measure the level of active
DYRK1A protein, we detected phospho-DYRK1A (Tyr321) by
immunoprecipitation followed by immunoblot using anti-phos-
pho-HIPK2, as previously described [33] (Fig. 2b). We confirmed
that the three variants previously tested (Asp287Val, Ser311Phe,
and Arg467Gln) abolish autophosphorylation [33, 37], as do the
Gly168Ap and Ile305Arg variants. The Ser324Arg DYRK1A variant
showed only residual autophosphorylation. No effect on autopho-
sphorylation was observed for Arg255Gln, Tyr462His, Gly486Asp,
and Thr588Asn. No effect was detected either for the Glu366Asp
amino acid change, but the analysis of patient’s blood mRNA
showed that this variant (c.1098G>T) affects splicing leading to a
deletion of 49 amino acids p.Ile318_Glu366del (Figure S2G). We
used this strategy to test additional variants reported in
databases and showed that Arg158His, affecting a highly
conserved amino acid position but reported twice in gnomAD,
does not affect DYRK1A protein. Ala277Pro, reported as
pathogenic in ClinVar, as well as Gly171Arg, Leu241Pro and
Pro290Arg, reported initially as VUS in ClinVar, affect both
DYRK1A level and autophosphorylation (Figure S8A, B, Table S3,
Figure S5B). None of the missense variants appears to affect

DYRK1A cellular localization, contrary to Arg413fs variant or
changes in NLS domains (Supplementary Text, Figure S8C).
However, we observed an aggregation of DYRK1A proteins with
the distal frameshift variant Ser660fs (Fig. 2c), preventing a
correct measure of the protein and autophosphorylation levels.

Identification of a DNAm signature associated with DYRK1A
pathogenic variants
To determine if DYRK1A is associated with specific changes in
genome-wide DNA methylation (DNAm) in blood, we used
methylation array analysis. We compared DNAm in blood for a
subset (i.e., the discovery subset) of our cohort carrying
pathogenic LoF variants in DYRK1A with age- and sex-matched
neurotypical controls and identified n= 402 differentially
methylated CpG sites corresponding to 165 RefSeq genes
(Table S4, Fig. 3a–b). The sensibility and specificity of the score
(0–1) derived from this signature was validated using additional
individuals with DYRK1A truncating variants (validation subset),
additional controls, and individuals with pathogenic variants in
other genes (Table S5; Fig. 3c). Next, we scored the samples with
missense variants and found that six classified positively (p.
Asp287Val, p.Ser311Phe, p.Arg467Gln, p.Gly168Asp, p.Ile305Arg,
and p.Ser324Arg) and three negatively (p.Arg255Gln, p.Tyr462-
His, p.Thr588Asn) (Fig. 3b–c, Table S5, Figure S9). The sample
with the distal frameshift variant p.Ser660fs classified as
DNAm positive with a high score (0.92). The sample with the
p.Gly486Asp variant clustered out from both DYRK1A cases and
controls and its methylation profile was even opposite to
DYRK1A LoF cases (increased methylation at sites decreased in
LoF cases and vice versa, Figure S9, S11), suggesting this variant
might have a gain-of-function (GoF) effect. A notable feature of
these GoF CpG sites is that they tended to cluster together, as
for instance in the HIST1H3E promoter (Table S4).
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Fig. 1 Clinical score for Intellectual Disability associated to DYRK1A haploinsufficiency. (a) Clinical score out of 20 points established
according to the most recurrent clinical features presented by patients (the weight assigned to each symptom being based on its recurrence):
clinical symptoms are out of 15 points, while the facial appearance is out of 5 points. CA cerebral atrophy, CCA/H corpus callosum agenesis or
hypoplasia, CeA cerebellar atrophy, EV enlarged ventricules. (b) Clinical scores calculated for individuals carrying pathogenic variants in
DYRK1A reported here and for whom photographs were available (n= 21) (initial cohort, DYRK1A_I, scores 13–17.5 with a mean of 15.5), the
previously published individuals (replication cohort, DYRK1A_R, scores 13.5–18.5, mean= 15.3) and the individuals affected with other
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individuals with CSDYRK1A < 10 as poorly evocative and individuals with a CSDYRK1A between 10 and 13 as intermediate. Brown–Forsythe
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***<p < 0.001; error bars represent SD.
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Integration of the different tools to reclassify variants
We integrated the clinical score, in silico predictions, functional
assays results, and DNAm score to evaluate the pathogenicity of
the variants and reclassify them according to ACMG/AMP
categories (Fig. 4, Table S6). We found that variants p.Gly168Asp,
p.Asp287Val, p.Ile305Arg, p.Ser311Phe, and p.Arg467Gln, identi-
fied in individuals with intermediate to high CSDYRK1A scores, led
to reduced protein level as well as an absence of autopho-
sphorylation activity, which was previously described for three of
them [33, 37]. All classified as DNAm positive, definitively
supporting their pathogenicity. For the p.Ser324Arg variant,
identified de novo in a patient with an intermediate CSDYRK1A
score, we observed only a slight decrease of DYRK1A stability and
a partial decrease of its autophosphorylation ability. The binary
nature of the DNAm signature, showing a positive score,
definitively supports its pathogenic effect.
The p.Arg255Gln and p.Tyr462His variants were identified in

individuals with low CSDYRK1A score, who had relatively high CADD
score (24 and 29.6) but affected amino acids were not highly
conserved. They had no effect on protein level, autophosphoryla-
tion, and cellular localization of DYRK1A and were classified DNAm
negative, and were therefore both considered as likely benign.
While parental DNA was not available to test the inheritance of p.
Arg255Gln, the variant p.Tyr462His occurred de novo. This
individual has an affected brother who does not carry the variant,
and exome sequencing of the whole family failed to identify
additional promising variants, even taking into account the
possibility of two different origins for the brothers. This remains
puzzling and thus genome sequencing is ongoing for both.
Another de novo variant affecting the same position (p.Tyr462Cys)
was identified in a girl with mild developmental delay, hypotonia,

and hypermobility without facial dysmorphia, who finally obtained
another molecular diagnosis (personal communication, Sander
Stegmann, Maastricht University Medical Center). The p.Thr588Asn
variant, previously reported as likely pathogenic [6], affects a
mildly conserved amino acid and appears to have no effect on
mRNA or protein level and function, as described by others
[33, 37]. To go further, we tested the ability of the mutant
Thr588Asn DYRK1A to phosphorylate MAPT on its Thr212 and
confirmed it does not affect its kinase activity (Figure S10).
Moreover, a knock-in mouse model generated for Thr588Asn
failed to present any decrease of kinase activity and any obvious
behavioral phenotype (Supplementary Text, Figure S12). In
addition, if this variant was not reported in gnomAD, two other
amino acid changes are reported at the same position: p.
Thr588Pro (44 times including once at the homozygote state)
and p.Thr588Ala (once). All these arguments plus the fact that the
patient’s DNAm signature was negative were convincing enough
to reclassify this variant as likely benign. The fact that it occurred
de novo in a girl with a high CSDYRK1A (15.5/20) remains puzzling,
while no additional promising variants were identified in trio
exome sequencing data and no positive classification was found
using ~20 DNAm signatures available. However, the girl also
presents additional manifestations unusual for DYRK1A syndrome
such as truncal obesity.
Only one sample showed a DNAm profile different from both

controls and individuals with DYRK1A syndrome (Fig. 3a, Figure S9
and S11). This individual has a low CSDYRK1A, presenting relative
macrocephaly and ASD without ID and carries a de novo p.
Gly486Asp variant. This variant was previously reported in another
individual with NDD [38], but it was not possible to obtain DNA,
clinical, or inheritance information. No significant change in
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Fig. 2 Expression, localization and Tyr321 phosphorylation of DYRK1A mutant proteins. (a) Level of variant DYRK1A proteins expressed in
HeLa, HEK293, and COS cells transiently transfected with DYRK1A constructs. Protein levels were normalized on the level of GFP proteins
(expressed from a cotransfected pEGFP plasmid). Quantifications were performed on a total of n ≥ 9 series of cells (n ≥ 3 Hela cells, n ≥ 3
HEK293, and n ≥ 3 COS cells) using ImageJ software. One-way analysis of variance (ANOVA) with multiple comparison test was performed to
compare the level of variant DYRK1A proteins to the level of wild‐type DYRK1A protein (orange dashes), applying Bonferroni’s correction. ns
not significant; *p < 0.05; **p < 0.01; ***p < 0.001; error bars represent SEM. Green, the variant from gnomAD; red, a truncating variant; gold, the
variants tested in this study. (b) DYRK1A’s ability to autophosphorylate on Tyr321 was tested in HEK293 cells (n= 3) by immunoprecipitations
with anti-DYRK1A followed by an immunoblot using anti-phospho-HIPK2 as described in Widowati et al. [33]. DYRK1A phospho-Tyr321 levels
were normalized with DYRK1A total level (orange dashes). Variant DYRK1A phospho-Tyr321 levels were normalized with total DYRK1A protein
levels and expressed as percentage of wild-type level. One-way ANOVA was performed to compare variants to wild-type DYRK1A levels. ns not
significant; ***p < 0.001; error bars represent SEM. (c) Immunofluorescence experiment showing that Ser660fs (alias Ser660Profs*43) variant
leads to DYRK1A protein aggregation when overexpressed in HeLa cells, using a FLAG-tagged DYRK1A proteins carrying Ser660Profs*43. No
aggregation was observed for the Ser660* variant.
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protein and autophosphorylation level was observed for this
variant and analysis of MAPT Thr212 phosphorylation failed to
confirm the potential GoF effect (Figure S10).
We characterized the consequences of a distal frameshift de

novo variant, p.Ser660fs. Its overexpression leads to cytoplasmic
aggregation of DYRK1A, which makes it difficult to quantify the
real effect on protein level, autophosphorylation, or kinase
activity (Figure S8 and S10). However, its DNAm overlaps those
of other individuals with truncating variants located further
upstream in the protein, confirming its pathogenic effect
(Figure S9). To test if these aggregations could be driven by
the novel C-terminal extension added by the frameshift variant
(43 amino acids), we introduced nonsense variants at the same
position (Ser660* and Ser661*). As no aggregate was detected
(Fig. 2c and S8D), we concluded that the C-terminal extension is
responsible for the self-aggregation of the mutant DYRK1A
protein. Interestingly, the two truncating variants Ser660* and
Ser661* did not affect DYRK1A level, localization, or autopho-
sphorylation (Figure S8A, B).

DISCUSSION
Here we report clinical manifestations of 34 novel patients with
clear LoF variants in DYRK1A, refining the clinical spectrum
associated with DYRK1A syndrome. We used recurrent signs
present in individuals to establish a clinical score, which may seem
outdated in the era of pangenomic approaches but is in fact very
useful to interpret VUS identified by these approaches. Indeed,
here we demonstrated that the combination of clinical data
together with in silico and in vitro observations are essential to
interpret variants accurately.
Since DYRK1A is a highly conserved gene in vertebrates, we

assumed that in silico predictive tools using conservation
calculated mainly from vertebrates might overestimate the
potential pathogenicity of missense variants. We showed that
deeper conservation analyses using additional taxa are useful to
improve the predictions for missense variants. However, in silico
analyses have their limitations, and functional assays are essential
to assess variant effect conclusively. We therefore tested the effect
of 17 variants and showed that ten of them decreased both
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DYRK1A protein level and DYRK1A autophosphorylation level. The
remaining variants showed no effect on protein function (Fig. 4).
However, the absence of effects observed during series of
functional tests does not totally exclude a potential effect.
Over the past five years, several studies have found patients

with specific monogenic disorders involving genes encoding
epigenetic regulatory proteins are associated with DNAm
signatures in blood. The advantage of such signatures is the
high rate of clear classification (positive/pathogenic vs. nega-
tive/benign) they provide for variants. Considering the potential
role played by DYRK1A in epigenetic regulation [22, 23, 39], we
tested whether DYRK1A LoF leads to such a DNAm profile and
identified a DYRK1A DNAm signature with high sensitivity and
specificity (Fig. 3). We undertook this work in whole blood (as
most signature work is done) due to its clinically availability and
in silico tools to account for cell proportion differences. We
expect many of these changes to be blood-specific in patients
with DYRK1A pathogenic variants. However, enough DNAm
changes may overlap other tissues for the blood signature to
have cross-tissue utility for variant classification, as we found for
fibroblasts in Sotos syndrome [18]. The combination of clinical
score (CSDYRK1A), in silico predictions, functional assays, and
DNAm signature allow to reclassify ten missense variants as
pathogenic. Three variants were considered as likely benign: a
variant located in the catalytic domain whose inheritance was
unknown, p.Arg255Gln, and two de novo variants located at the
end or outside of this domain: p.Tyr462His and p.Thr588Asn.
Still based on methylation data, we suspected a GoF effect

for another de novo variant located outside the catalytic domain:
p.Gly486Asp. We have already shown that DNAm profiles at gene-
specific signature sites provide a functional readout of variant’s
effect including GoF activity. Indeed, in previous work, we found

the same pattern for a patient with a missense variant in EZH2,
typically associated with Weaver syndrome. The patient, present-
ing undergrowth rather than the overgrowth characteristic of
Weaver syndrome, had an opposite DNAm profile to EZH2 cases
relative to controls and carried a missense variant that was
demonstrated to increase EZH2 activity [19]. In our case, we could
not confirm the putative GoF effect of Gly486Asp by measuring
MAPT Thr212 phosphorylation. Arranz et al. observed, on the
contrary, an increase of DYRK1A kinase activity [37] for this variant,
but they reported significant increase for five additional variants,
including one present four times in gnomAD (Arg528Trp), which
might question the sensitivity of the test.
We identified a de novo distal frameshift variant in the last exon

of DYRK1A leading to DYRK1A aggregation in vitro, which needs to
be confirmed in vivo. Interestingly, nonsense changes introduced
at this position (aa660 and 661) lead to the expression of a protein
that seems to be stable, does not aggregate, and maintains its
autophosphorylation capacity and ability to phosphorylate MAPT
(Fig. 2c, S8C, D, S10). Therefore, we think that distal truncating
variants should be interpreted with caution, especially when they
escape to NMD. Three additional such distal variants are reported
in individuals with ID/NDD in ClinVar and literature (Table S8) for
which DNAm analysis on blood samples would be interesting to
perform.
In conclusion, we developed a combination of tools efficient

to interpret variants identified in DYRK1A. We showed that
missense variants located outside and inside the catalytic
domain as well as variants leading to distal premature stop
codon are not necessarily pathogenic. These results illustrate
that variants in DYRK1A, as well as in other NDD causative genes,
should be interpreted with caution, even if they occur de novo.
In the future, we recommend performing DNAm analysis if
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80% (gray) or mildly V= 100% M < 90%, O < 80% (white); Expression or autophosphorylation being normal (white), intermediate decreased
(gray), strongly decreased (black); localization was normal (white), affected (gray), or not tested (-); DNA methylation positive (black), negative
(white), suggestive of a gain-of-function (GoF) effect (hashed) or not tested (-). Final classification: pathogenic (P), benign/likely benign (B),
unknown significance (U).
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blood DNA sample is available or, if not, in vitro testing of
variant effect on DYRK1A autophosphorylation.
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